We explore the potential of the CERN Large Hadron Collider to access a strongly interacting electroweak symmetry breaking sector via weak boson scattering with W + W − jj, ZZjj and W ± Zjj final states. As examples of models with scalar or vector resonances we concentrate on a scenario with a heavy Higgs boson and on a Warped Higgsless Kaluza-Klein model of narrow spin-one resonances. The signal and the most prominent background processes are evaluated using exact tree-level matrix elements including full off-shell and finite width effects for final states with two tagging jets and four leptons. Using double forward jet-tagging techniques, we derive dedicated cuts on the observable jets and charged leptons to suppress Standard Model backgrounds. We demonstrate that the LHC has substantial sensitivity to strong interactions in the electroweak symmetry breaking sector.
Introduction
An essential goal of the CERN Large Hadron Collider (LHC) [1, 2] is gaining information on the mechanism which breaks the electroweak symmetry. Particularly promising means for probing electroweak symmetry breaking are provided by weak boson scattering reactions, V V → V V (with V denoting a W ± or Z boson). The respective scattering amplitudes for longitudinally polarized vector bosons grow with energy, thus violating unitarity beyond about 1 TeV [3] [4] [5] , when Feynman graphs with vector bosons only are considered. Taming of this unphysical growth can be attained by a SM Higgs boson [6] [7] [8] , but also strong couplings among the gauge bosons may serve to cure the growth of the V V scattering amplitudes at high energies [9] [10] [11] . Various models have been suggested in which the unitarization of these scattering amplitudes is realized by new excitations stemming from the compactification of extra-dimensional theories [12] [13] [14] , based on the ideas of [15] . At the LHC, weak boson scattering can be accessed via vector boson fusion (VBF) reactions, where the quarks emerging from the scattering protons emit t-channel weak bosons which in turn scatter off each other. A Higgs boson as predicted by the Standard Model (SM) would manifest itself as a relatively low mass resonance in this reaction, but the VBF cross section would remain perturbatively small at di-boson masses well above the Higgs boson mass. In the case of strongly interacting gauge bosons, the production rate of longitudinally polarized gauge boson pairs V L V L is significantly enhanced at m V V ≈ 1 TeV, before unitarizing effects reduce the scattering amplitudes.
Signal events from strong V L V L scattering processes via→ qqV V in VBF exhibit unique signatures. The decay leptons of the gauge bosons emerge almost back-to-back in the central region of the detector with large transverse momenta and high invariant mass. The scattered quarks give rise to highly energetic jets of relatively low transverse momenta in the forward and backward regions. Due to the colorless weak boson exchange, the hadronic jet activity in the central regions is very low. These distinctive features can be exploited to efficiently reduce background processes with respect to the V L V L signals.
The goal of this study is to refine the analyses of Refs. [16] [17] [18] [19] for strongly interacting electroweak symmetry breaking. Instead of using single forward jet tagging, as in these early analyses, we will consider the boost invariant double forward jet-tagging techniques which have proven highly efficient for the search of a light Higgs boson in VBF [20] [21] [22] [23] . These more efficient jet-tagging techniques will allow us to relax the cuts on the V V decay leptons as compared to Ref. [19] . A second refinement is in the level of signal and background simulation. We use parton-level calculations for the processes pp → V V jj at O(α , respectively. This corresponds to tree-level amplitudes for all processes and includes full off-shell effects for top-quark decays t → W b and for the leptonic decays of the weak bosons in all signal and background processes. While comparable accuracy of the simulations has been discussed in the literature for individual reactions (see, e.g., Refs. [24] [25] [26] ), an analysis of VBF signal and background processes with full leptonic decay correlations and offshell effects is new. Phenomenological studies for other production modes of extra vector resonances have recently been performed in [27] [28] [29] [30] [31] .
For the signal processes, we consider two different models for the strongly interacting electroweak symmetry breaking. We model unitarity conservation with a heavy and broad Standard Model scalar Higgs resonance, which we take as a prototype for models with strong V V scattering. As a model with extra vector resonances, we adapt a Warped Higgsless scenario where unitarity violation is postponed by the exchange of additional spin-one Kaluza-Klein (KK) resonances. On the basis of these two distinct examples, we show that independent of whether the unitarity-restoring interactions are of a scalar or vector nature, our set of cuts and signal processes provides a clear signature with a large signal to background ratio.
Our paper is organized as follows: Section 2 outlines the theoretical setup for the two signal scenarios which we consider. The framework of the phenomenological analysis is described in Sec. 3 and here we also give details on the Monte Carlo calculation of the various signal and background processes. In Sec. 4 we present the numerical results for expected cross sections at the LHC. Section 5 contains our conclusions.
Theoretical Setup
Strongly-coupled theories have a long history as extensions of the Standard Model [32] [33] [34] . In these models the additional degrees of freedom, needed to unitarize longitudinal gauge boson scattering, originate from a strongly-interacting sector that produces scalar and vectorial composites. While electroweak symmetry breaking is stabilized at the electroweak scale, the compositness scale is in principle a free parameter. The unitarizing mass spectrum can be rather heavy and broad, due to strong couplings in the composite sector. As such models are intrinsically non-perturbative, there are large theoretical uncertainties on the theory's parameters that can only roughly be estimated by Naive Dimensional Analysis [35] . This poses a huge challenge for modelling LHC phenomenology. For this reason we use unitarity of longitudinal V V scattering at the TeV scale as key ingredient to model the strongly interacting sector, focusing on two distinct scenarios: In the first one, we adapt a heavy and broad scalar resonance, while in the second one, longitudinal gauge boson scattering is unitarized by vectorial resonances in the Warped Higgsless Model of Refs. [12, 13] .
Scalar Resonance
Within the SM, unitarization of longitudinal VV scattering is achieved by adding the contributions of a scalar resonance of zero isospin, the Higgs boson, to the gauge boson exchange graphs which are mandated by the gauge symmetry. Working within the SM, precision data, in particular the results of LEP and SLC on various four-fermion processes combined with the direct Higgs search at LEP, constrain the mass of the SM Higgs boson to lie inside the 100 to 200 GeV region [36, 37] . Strictly within the SM, a heavy scalar resonance, with a mass of order 1 TeV, is ruled out as a model for unitarized weak boson scattering.
These SM Higgs boson mass bounds might be misleading, however, if other new physics contributions to four-fermion amplitudes (partially) cancel the virtual contributions of a heavy Higgs boson to the S and T parameters [38] [39] [40] [41] , thus mitigating the constraints from precision experiments. Since the precision observables, with their strong focus on four fermion-amplitudes, and weak boson scattering amplitudes are independent entities in sufficiently general models of new physics, we ignore the constraints from precision data in the following and consider, as a phenomenological model, unitarization of weak boson scattering by a scalar resonance with quantum numbers and couplings identical to a heavy SM Higgs boson. We include s-, t-and/or u-channel channel exchange of this resonance and use m H = 1 TeV and a fixed width Γ H = 0.5 TeV as a toy-model for demonstration purposes. This fixed width is included for time-like and space-like propagators, in analogy to the complex mass scheme for the gauge boson propagators. More general model parameters of a heavy scalar resonance can easily be implemented in the Vbfnlo program [42] which we use for all signal simulations.
Vectorial Resonances
As an example of unitarization with vectorial resonances we consider a phenomenological version of the Warped Higgsless model of Refs. [43, 44] . Using the AdS/CFT correspondence [45] [46] [47] , the Warped Higgsless scenario can be considered as a particular type of a strongly-interacting Walking Technicolor theory [46] , yet being calculable by perturbative means from a bulk-gauged effective theory defined on a slice of a five dimensional Anti-de Sitter space. In these scenarios the growth of the amplitude in longitudinal gauge boson scattering is tamed by the exchange of heavy spin-1 Kaluza-Klein excitations, W ± k and Z k . Demanding sum rules for the quartic and triple vector boson couplings [27, 48] ,
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results in good high energy behaviour of the V L V L scattering amplitude. In (1)-(4) k labels the Kaluza-Klein states, and k = 0, 1 identifies the massless and massive gauge bosons of the SM, respectively. We focus on a scenario where the new additional massive vector bosons have vanishing couplings to SM-fermions, and include states up to W 4 and Z 6 . Higgsless symmetry breaking has already been studied in various realizations [12-14, 27-31, 49-51] . In this paper we do not attempt to construct a realistic model of Higgsless symmetry breaking, but we solely use the quoted sum rules as a phenomenological paradigm of unitarization with iso-vectorial resonances. For a more detailed discussion on the implementation of the sum rules and the KK mass spectrum, we refer the reader to a separate publication [44] .
Framework of the Analysis
Throughout this study, we consider vector boson pair production in association with two tagging jets, pp → V V jj, with subsequent leptonic decays of the gauge bosons in proton-proton collisions at the LHC with a center-of-mass energy of 14 TeV. If strong interactions among longitudinally polarized vector bosons are realized in nature, V L V L → V L V L scattering is expected to be enhanced at large invariant mass. In contrast, the scattering of transversely polarized gauge bosons V T is dominated by the same weak gauge interactions as in the SM light Higgs boson scenario and, thus, remains perturbative throughout the entire V V invariant mass range. The
contributions to vector boson scattering must be considered as an irreducible background to the signature of strong gauge boson interactions, which we wish to isolate. We thus define the VBF "signal" in EW pp → V V jj production as the enhancement of the cross section over the SM prediction with a light Higgs boson. In the heavy Higgs boson scenario this is
As an alternative realization of electroweak symmetry breaking we consider the Warped Higgsless Kaluza-Klein model described in Sec. 2.2. In this context we define Since the principle subject of this study is the investigation of strongly interacting gauge boson systems, we do not consider signal processes deriving from Yukawa couplings of the Higgs boson to fermions, such as gluon-induced Hjj production.
Details of the Calculation
The calculation of cross sections and kinematic distributions for all signal and background processes introduced above is performed with two independent computer programs featuring full tree-level matrix elements:
• Results for all but Kaluza-Klein signal reactions are generated with Helac-Phegas, a completely automatic Monte-Carlo event generator [52] [53] [54] [55] [56] , which calculates matrix elements through Dyson-Schwinger off-shell recursive equations. The package provides events for arbitrary parton-level processes in the most recent Les Houches Accord format [57] and has successfully been tested for scattering reactions at a future linear collider [58] and at the LHC [59] .
• The EW VBF and Kaluza-Klein signal and background processes are tackled with the tree-level version of Vbfnlo [42] , a parton-level Monte-Carlo program for VBF-type reactions. For the QCD V V jj processes, we implemented MadGraphgenerated amplitudes [60, 61] into the framework of Vbfnlo. Results for the tt, ttj, and ttjj reactions are generated with the codes of Ref. [24] .
Making sure that the different programs yield the same results provides an excellent check of our calculation. In particular, Helac-Phegas agrees at least at the level of 1% with the top-backgrounds of Ref. [24] , and even better with the MadGraph-type implementation of the QCD V V jj backgrounds in Vbfnlo, irrespectively of the cuts applied.
For our numerical studies we use the CTEQ6L1 parton distribution functions [62, 63] Contributions from b-and t-quarks in the initial state are neglected throughout. In Helac-Phegas, finite width effects in massive vector boson and top quark propagators are taken into account by the complex mass scheme of Refs. [64] [65] [66] . Both, in Vbfnlo and in the code of Ref. [24] , unstable particles are treated via modified versions [67, 68] of the complex mass scheme. Spin and color correlations of the final state particles are taken into account without any approximations. Final state partons are recombined into jets according to the k T algorithm [69] [70] [71] with resolution parameter 0.7. In the following, we outline the process-specific settings of our analysis.
EW V V jj production
EW V V jj production mainly proceeds via the fusion of weak bosons in the t-channel in quark-(anti)quark scattering processes like′ →′ V V . In experiment, however, leptons rather than vector bosons are identified. We therefore focus on the reactions 
at O(α 6 ), which include the resonant V V jj production processes with subsequent leptonic decays and additional single-and non-resonant diagrams, see Fig. 1 . We only simulate decays of the weak bosons to different lepton generations, e.g.
µ . Samegeneration lepton interference effects as occurring in
e are neglected for all production channels. However, we adjust counting factors to correspond to the production of all combinations of charged leptons of the first two generations. In case of Z → ν ℓνℓ we sum over three neutrino generations, i.e. ν ℓνℓ = ν eνe , ν µνµ , ν τντ . For brevity, we will refer to these reactions as EW W + W − jj, ZZ jj → 4ℓ jj, ZZ jj → 2ℓ2ν jj, W + Z jj, and W − Z jj production, respectively, even though we are always considering leptonic final states.
As discussed in Refs. [72] [73] [74] [75] , compared to the dominant t-channel configurations, contributions from s-channel electroweak boson exchange and identical fermion effects are negligible in the phase-space regions where V V jj production is observed experimentally. They are therefore disregarded for our analysis. In Ref. [74] it has been demonstrated that next-to-leading order (NLO) QCD effects can be well approximated also in distributions by a proper choice of the factorization scale, µ F , in the LO calculation: for each fermion line choose the momentum transfer Q between the respective initial-and final-state quarks. We therefore set µ F = Q for all EW V V jj processes.
Higgsless V V jj production
The implementation of the Kaluza-Klein scenario described in Sec. 2.2 into the Vbfnlo framework is described in detail in Refs. [43, 44] . The leptonic tensors for subamplitudes such as ZZ → e + ν e µ −ν µ in Fig. 2 have been extended by the different Kaluza-Klein intermediate states. We discard interactions of non-SM Kaluza-Klein gauge bosons with the light SM fermions. The coupling of the Kaluza-Klein W k and Z k to the W 1 and Z 1 steeply drops off with the Kaluza-Klein index k. For k ≥ 3, contributions of Kaluza-Klein excitations to cross sections and distributions are tiny [44] . In our studies we include all Kaluza-Klein states up to W 4 and Z 6 with the masses and widths as given in Tab. 1.
Gauge boson pair production in the presence of Kaluza-Klein excitations proceeds analogously to Higgs-mediated V V jj production. In order to absorb the dominant NLO-QCD effects we therefore use the same factorization scales as for EW V V jj production, i.e. µ F = Q [43, 44] .
with subsequent leptonic decays, and all crossing-related reactions. For these processes we use µ F = min(p T j 1 , p T j 2 ). The renormalization scale is chosen such that the strong coupling factor takes the form α
e. the transverse momentum of each parton is taken as the relevant scale for its production.
tt + jets production
Due to the large top quark production rate at the LHC and because the branching ratio B(t → W b) is essentially 100%, tt + jets processes constitute a major background to EW W + W − jj production. We consider the reactions pp → tt, ttj, and ttjj which include full off-shell and finite width top and W effects and take into account the doubleresonant, single-resonant and non-resonant contributions at order
s ), respectively. To avoid double counting, the top-quark backgrounds are separated into three categories, depending on whether two, one or zero b(b) quarks are identified as tagging jets and are referred to as tt, ttj and ttjj background, respectively. When combining these processes, we proceed as follows: For ttjj production both tagging jets are required to arise from massless partons, while in the ttj case exactly one tagging jet is allowed to emerge from a b orb quark. For tt production both tagging jets stem from b quarks [22, 23] . When presenting cross sections and kinematic distributions, the three tt + jets backgrounds are combined for clarity even though their individual distributions are slightly different.
In all cases, the factorization scale is chosen as µ F = min(m T i ) of the top quarks and additional jets, where each m T i is given by the transverse momentum and mass of the respective entity i as
The overall strong coupling factors for the tt + n jets cross section are calculated as
Selection Cuts
In order to suppress the backgrounds with respect to the signal processes, the design of dedicated selection cuts is essential. For our analysis we have developed various sets of cuts, which are given as follows:
I. Inclusive cuts: Basic selection cuts need to be introduced to render our calculation of the production cross sections of all signal and background processes finite. This is achieved by identifying all final state massless partons with high transverse momentum jets. The two jets of largest transverse momentum are called "tagging jets" and are required to carry
All jets need to lie in the rapidity-range accessible to the detector,
and are supposed to be well-separated,
with η j denoting the jet rapidity and ∆R jj the separation of any pair of jets in the rapidity-azimuthal angle plane. For all V V jj production processes, the tagging jets are identified with the massless final-state partons of the reaction. For the tt + jets backgrounds, the tagging jets can stem from a massless quark or gluon, or from the decay products of the top quarks.
In order to ensure well-observable isolated charged leptons in the central-rapidity region, we require
where ∆R ℓj stands for the separation of a charged lepton from any jet. Since any b-quark close to a charged lepton is very likely to also spoil lepton isolation, we require ∆R ℓb > 0.4 even if the b-quark is too soft to qualify as a jet. Finally, a cut on the invariant mass m ℓℓ of two charged leptons of the same flavor is applied to avoid virtual photon singularities stemming from quasi-collinear γ
II. VBF cuts: VBF events are characterized by two tagging jets in the far forward and backward regions of the detector, while the leptonic decay products of the vector bosons are typically located in the central-rapidity range between the jets. To favor such configurations, we demand that the charged leptons fall between the tagging jets, η
which are well-separated in rapidity,
and occupy opposite detector hemispheres,
Furthermore, the tagging jets are required to have a large invariant mass,
where m min jj = 1000 GeV for the W + W − jj signal and background processes and m min jj = 500 GeV for all other channels. To illustrate the significance of the m jj cut, the invariant mass distribution of the two tagging jets in pp → W + W − jj is shown in Fig. 3 , after applying the cuts of Eqs. (10)- (17) and requiring p T (ℓ) > 100 GeV. For reducing the tt+jets backgrounds, additionally a b-veto and a central jet veto have been imposed, as discussed below. While large invariant masses of the tagging jets are characteristic for VBF processes, QCD-induced reactions tend to peak at small values of m jj . Requiring m jj > 1000 GeV thus efficiently suppresses contributions from tt + jets and QCD V V jj production with respect to the signal processes.
III. Leptonic cuts:
In all channels, the signal processes feature energetic leptons of high p T and large invariant mass. The decay products of the backgrounds are less back-to-back in the transverse plane and are characterized by lower transverse momenta. These features suggest the application of extra selection cuts specific to each decay channel:
• ZZjj → 4ℓ jj: Here, m ZZ is the invariant mass of the four-lepton system, and p T (ℓℓ) the transverse momentum of two same-flavor charged leptons.
• ZZjj → 2ℓ2ν jj:
with p miss T being the transverse momentum of the neutrino system and
• W ± Zjj:
where
with m(ℓℓℓ) and p T (ℓℓℓ) denoting the invariant mass and transverse momentum of the charged-lepton system, respectively. • W + W − jj:
where ∆p T (ℓℓ) is the difference between the transverse momenta of the two charged decay leptons, and min(m ℓj ) the minimum invariant mass of a tagging jet and any charged lepton.
To motivate this set of selection cuts, we show representative distributions for the pp → W + W − jj channel in the following. In Fig. 4 , the transverse momentum distribution of the softest charged lepton is shown after imposing the cuts of Eqs. (10)- (18), a b-veto, and a central jet veto. While the heavy-Higgs and the Kaluza-Klein distributions can barely be distinguished from the QCD and EW backgrounds at low transverse momenta, the signal cross sections start to deviate from the EW W W jj background at about p T ℓ ≈ 100 GeV. Removing events with p T ℓ < 100 GeV therefore helps to suppress irreducible backgrounds from SM-like W + W − jj production processes. For reducing the still sizeable tt + jets cross sections, additional cuts are necessary. the heavy-Higgs and Kaluza-Klein signal processes, the invariant mass distribution peaks at rather large values of m ℓℓ , while smaller invariant masses are preferred by the background processes, which therefore can be reduced considerably by requiring m ℓℓ > 200 GeV.
Choosing the cut on the difference in the transverse momenta of the decay leptons is a subtle issue, as the peaks of the signal and background distributions are located rather closely in ∆p T (ℓℓ), see Fig. 5 (b) . Selecting events with ∆p T (ℓℓ) > 250 GeV turns out to be a reasonable choice, however, which suppresses contributions from the tt + jets and the QCD V V jj processes, while the Kaluza-Klein and heavy-Higgs cross sections are retained to a large extent.
The cut on the minimum invariant mass of the tagging jet and any charged lepton, depicted in Fig. 6 , is particularly effective in reducing the tt and ttj backgrounds, i.e. the cases where at least one of the tagging jets arises from a b-quark which is a top decay product. For top quarks which are almost on mass-shell, this b-quark must have an invariant mass with the charged lepton from the same top-quark decay of m ℓj < m t . The min (m ℓj ) cut will thus reduce the tt+ jets background to mostly its ttjj component. At the same time, the signal processes are only slightly affected, as their m ℓj shapes are peaking well above 200 GeV.
The powerful sets of selection cuts introduced so far exploit the characteristic features of VBF processes and the fact that we are looking for the decay products of massive objects or, more precisely, for low partial waves in high energy vector boson scattering. We did not impose further leptonic cuts for the ZZjj and W ± Zjj channels, because the amount of improvement in the significance of the signal would be marginal. However, in the case of pp → W + W − jj additional measures are necessary to suppress the overwhelming tt + jets backgrounds.
VI. Central jet veto: QCD-induced processes tend to exhibit more jet activity in the central rapidity region than VBF reactions with colorless weak boson exchange in the t-channel. A central jet veto (CJV) can therefore be applied to reduce QCD backgrounds by eliminating events where in addition to the tagging jets at high rapidity secondary jets with a high transverse momentum are found in the central regions of the detector.
We veto any such activity by discarding all events with an extra veto jet of
located in the gap region between the two tagging jets,
In our simulations we do not yet model extra QCD radiation which might be subject to the central jet veto. Such refinements are beyond the scope of the present work. However, the ttj and ttjj background processes typically have additional b-quark jets from top-quark decay in the central region. The CJV thus is very effective in reducing these backgrounds. V. b-tagging jet veto: Discrimination between jets originating from b-quarks and those emerging from light quarks or gluons by efficient b-tagging helps additionally to suppress tt + jets backgrounds in the W + W − jj channel: we eliminate any events where at least one of the tagging jets is identified as arising from a b-quark. We use the results of a CMS analysis [76] for our assumptions on b-veto efficiencies and mis-tagging probabilities. For a 10% mis-tagging probability per jet one finds b-veto efficiencies in the range 60% − 80%, depending on the transverse momentum and pseudorapidity of the jet as listed in Tab. 2.
Results and Discussion
We now turn to a discussion of numerical results for the signal and background processes of the scenarios discussed in the previous sections. In all cases the cross sections correspond to two generations of charged leptons and three neutrino species for Z →νν. They are listed in Tables 3−7 for all processes contributing to a specific leptonic final state, after different sets of selection cuts have been applied. The impact on inclusive cross sections of only the VBF cuts or only the leptonic cuts is shown in the lines labeled "Inc. + Vbf" and "Inc. + Lep.", respectively. In each case, we consider the QCD V V jj background, EW V V jj production assuming a light or a heavy Higgs boson, and a Warped Higgsless scenario with additional spin-one resonances. For the W + W − jj channel also the tt + jets background is given and the impact of CJV and b-veto cuts on the cross section after inclusive and VBF cuts is also shown. In Table 8 , results for tt, ttj, and ttjj production are listed separately to better illustrate the impact of the individual contributions.
In all channels, VBF cuts reduce the QCD V V jj backgrounds efficiently, decreasing inclusive production rates by factors of 25 − 85 as shown in the respective second lines of Tables 3−7 . VBF cuts are even more efficient in the case of the tt, ttj and ttjj background processes, as illustrated by Tables 3−6 . For the tt + jets backgrounds to W + W − jj final states the impact of the leptonic cuts is even more pronounced than the effect of the VBF cuts. However, total rates are still much higher for the backgrounds than for the corresponding signal process. Thus, additional cuts have to be applied for the W + W − jj production mode. In order to reduce the large tt + jets backgrounds we make use of a b-veto and a CJV. We discard all events where one or both tagging jets can be identified as b jets, allowing for an overall mis-tagging probability of 10% for light partons with p T > 30 GeV and |η| < 2.4. This results in a reduction of less than 10% for the signal and all backgrounds apart from tt + jets. The b-veto reduces these top-induced backgrounds by a factor of 2 − 4. The CJV is particularly efficient for the ttjj process. In this case, an additional reduction factor of 18 is obtained. The last row of Table 8 shows that after the application of all cuts the tt + jets background rates are comparable in size to those of the other individual backgrounds.
In Tables 9 and 10 , the signal and combined background cross sections σ S and σ B are listed together with the ratios S/B, S/ √ B, and S/ √ S + B, where S and B denote signal and background rates, respectively. They are calculated for a luminosity of 300 fb −1 from the cross sections tabulated in Tables 3-8 , after all selection cuts have been applied, with the signal defined according to Eqs. (5) and (6) . The W − Zjj channel exhibits features very similar to the related W + Zjj mode, while its production rates are always smaller by approximately a factor of 2, which is due to the size of the parton distribution functions of the dominant subprocesses for the respective production modes. In Tables 9 and 10 we therefore combine the W + Zjj and the W − Zjj channels to enhance the statistical significance of the W ± Z jj mode. Considering the SM with a heavy Higgs boson as a prototype for scenarios with a broad scalar, iso-scalar resonance, an indicator for the LHC sensitivity is provided by the cross section enhancement in the ZZjj and W + W − jj channels for VBF with m H = 1 TeV. Table 8 : Cross sections (in fb) for the tt + nj production processes, where n = 0, 1, 2, with m t = 172.5 GeV and m H = 100 GeV, after different levels of selection cuts have been applied. Statistical errors in all cases are well below 1%. Table 9 : Cross sections for the heavy Higgs boson signal and overall background for various channels (in fb) after all selection cuts have been applied. Also listed are several ratios for signal and background rates together with the number of signal and background events for an assumed integrated luminosity of 300 fb −1 at the LHC.
Process These two channels provide excellent possibilities for the study of strongly interacting gauge boson systems via scalar resonances, see Table 9 . Particularly encouraging is the signal rate for the ZZjj → 2ℓ2ν jj mode. . The two ZZjj channels are much less sensitive to this model, since in these production modes the W k Kaluza-Klein excitations occur only in t-and u-channel exchange diagrams. A similar study for the W + W − jj channel in the context of a Higgsless Kaluza-Klein scenario has been performed in Ref. [77] , yielding a signal significance of comparable size.
Altogether, a reasonable number of signal events can be achieved at the LHC for an integrated luminosity of 300 fb −1 , see Tables 9 and 10 . Our cuts have considerably reduced backgrounds, so that even a relatively small number of excess signal events should be observable. The W ± Zjj channel per se is not sensitive to a scalar resonance like a 1 TeV Higgs boson. Similarly, the ZZjj mode is barely sensitive to the W ± KK mode. It is however the combined analysis of all channels that eventually allows to select between the models as distinct realizations of electroweak symmetry breaking.
In addition to the signal and background rates listed above, we have studied various kinematic distributions for each production process. Representative results are presented in the following, with histograms corresponding to the cross sections listed in Tables 3−7 . Due to the large tt + jets cross sections, the W + W − jj mode constitutes the biggest challenge. In Fig. 5 (a) , we have shown the invariant mass distribution of the two charged leptons in pp → W + W − jj after the application of general selection cuts. At this level of cuts, the tt + jets background was still sizeable. If additionally all process-specific cuts of Eq. (24) are imposed, the tt + jets cross sections can be further reduced, while the signal distributions are barely affected, cf. Fig. 7 (a) . In Fig. 7 (b) , the cluster transverse mass of the produced W + W − system, defined by
is shown. Similar to the m ℓℓ distribution, QCD and EW V V jj backgrounds are small, and tt + jets is well under control. The Kaluza-Klein scenario we consider exhibits a pronounced resonance peak, well above the backgrounds. The heavy Higgs cross section is distributed more broadly in m T (W W ), but still well distinguishable. The heavy Higgs scenario can also be well identified in the ZZjj production modes, which are, however, less sensitive to Kaluza-Klein resonances as discussed above. Figure 8 (a) shows the invariant mass distribution of the four charged leptons in pp → ZZjj → 4ℓ jj after all process-specific selection cuts have been applied. The impact of the heavy Higgs resonance is evident at m ZZ = 1000 GeV, where all backgrounds are small. The Kaluza-Klein cross section exceeds the QCD and continuum EW results, but does not exhibit a characteristic resonance behavior. The Higgsless model's excess over the EW continuum can be understood from the absence of an iso-scalar exchange contribution to weak gauge boson scattering, which in the SM enters with an amplitude of opposite phase as the gauge boson exchange graphs. Another distinction can be observed in the invariant mass distribution of the tagging jets displayed in Fig. 8 (b) . The excess events from enhanced VBF production correlate with large dijet invariant masses, while the QCD background mostly resides at m jj < 1 TeV and rapidly falls off as m jj increases.
This behavior is completely independent of the gauge boson decay, as illustrated by Fig. 9 (a) , where the m jj distribution is shown for the ZZjj → 2ℓ2ν jj mode. Apparently, the shapes of the invariant mass distribution are identical to the ZZjj → 4ℓ jj case. The overall normalization differs due to the Z → νν branching ratio exceeding the one for Z → ℓ + ℓ − . Fig. 9 (b) illustrates the cluster transverse mass of the ZZ system in the 2ℓ2ν jj decay mode. Similar to the m ZZ distribution in pp → ZZjj → 4ℓ jj, the heavy Higgs cross section dominates over all backgrounds. However, the Higgs resonance does not manifest itself in a pronounced peak, but is smeared out over a large range in m T (ZZ).
The most distinctive signatures of iso-vector Kaluza-Klein excitations are observed in the W ± Zjj mode, since these heavy spin-one states contribute to resonant W ± Z scattering, which does not occur in scenarios with a scalar Higgs boson. This is illustrated by Fig. 10 (a) , which shows the cluster transverse mass distribution for the W + Zjj case. The m T (W Z) distribution exhibits a characteristic peak at about 700 GeV due to the impact of the first massive Kaluza-Klein excitation W 2 . The QCD and EW backgrounds as well as the heavy Higgs cross section are smoothly distributed over m T (W Z). As expected, the VBF cross sections for the m H = 100 GeV and the m H = 1 TeV case are very similar, because the scalar Higgs boson contributes to W + Z scattering only via nonresonant diagrams. Also for W + Zjj production, the invariant mass distribution of the two tagging jets, as shown in Fig. 10 (b) shows the characteristic distinction between QCD backgrounds and VBF processes. Shapes for W − Zjj production are almost identical to the W + Zjj case and therefore not displayed here. In summary, signatures of a heavy Higgs boson scenario as well as of Kaluza-Klein excitations should be observable in gauge boson scattering processes at the LHC. While an iso-scalar resonance like a heavy Higgs boson manifests itself most distinctively in the W + W − jj and the ZZjj channels, a Higgsless scenario with iso-vector resonances, such as the Kaluza-Klein model which we have considered, can be studied best in the W ± Zjj channel. A multivariate analysis with full detector simulation might yield a slightly different shape of the distributions and total rates. However, our conclusions on the observability of strong interaction signatures should remain valid.
Conclusions
The origin of electroweak symmetry breaking is still unknown. While a perturbative Higgs sector with a light SM-like Higgs boson is a preferred solution at present, experimental tests are needed to probe other scenarios where new strong interactions are responsible for the weak gauge boson masses. With the luminosity and energy available at the LHC the search for such scenarios becomes feasible via studies of weak boson scattering as realized in vector boson fusion processes.
We have performed a broad study of the possibility to probe the strongly interacting electroweak symmetry breaking sector in gauge boson scattering reactions leading to ZZjj, W ± Zjj and W + W − jj final states at the LHC, using only leptonic decay modes. By performing full tree-level simulations of the dominant backgrounds, at a level where double forward jet-tagging acceptances can be reliably calculated, we have established selection cuts which allow to isolate the strong weak boson scattering signals. We have found that, for each of the models we considered, an observable excess of events occurs in at least one of the production modes, after three years of running with an annual luminosity of 100 fb −1 . As compared to Ref. [19] , higher signal rates for a SM-like 1 TeV Higgs boson could be obtained with loosened leptonic cuts by tagging two jets of high transverse momenta. Defining such high acceptance signal regions for the various vector boson fusion channels and providing realistic background estimates in these regions was a second goal of our work. These results can now be used for further studies, be it of other scenarios for weak boson scattering, for the assessment of higher order QCD corrections, or for refinements such as improved central jet veto techniques. We should stress that our analysis has been conservative, as a central jet veto offers promising prospects for a further enhancement of the signal-to-background ratio. From related studies on pp → Z + 2jets and pp → H + 2jets [78, 79] one expects additional suppression of the QCD backgrounds by about 70%, while around 90% of the VBF signal are retained when a central jet veto is imposed.
In the search regions defined in Sec. 3, ignoring improvements from a central jet veto on the QCD backgrounds, even the SM light Higgs scenario yields weak boson fusion signal cross sections which are of the same order as the QCD backgrounds, with signal to background ratios of 1:1 for ZZjj final states, 1:2 for the higher statistics W Zjj mode and 1:3 for W + W − jj. With expected statistical samples of 36, 116 and 234 signal plus background events, respectively, in 300 fb −1 of data, an increase of the VBF cross section by a factor of two in any of these channels should be observable at the LHC. Our conclusions are thus valid beyond the details of the models considered and will certainly apply to any scalar or vector resonances of sufficient size but general peak location.
Should a light Higgs boson be found rather than first signatures of strong gauge boson interactions, the precise measurement of event rates at high invariant mass is essential to ensure that the Higgs boson indeed cures the bad high energy behavior of gauge boson scattering processes as predicted by the SM. Given the results mentioned above, a measurement of the high vector boson pair invariant mass cross section in several vector boson fusion channels, with a statistical accuracy of order 30%, seems possible after several years of LHC running. Improvements on this result appear feasible, in particular with a more realistic calculation of central jet veto acceptances for QCD induced background events, which make use of the elevated level of central soft gluon radiation in such events. We leave such refinements to future work.
